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ABSTRACT: The angle dependence of strong-field ionization was
studied for a set of second period hydrides (BH3, CH4, NH3, H2O,
and HF) and third period hydrides (AlH3, SiH4, PH3, H2S, and HCl).
Time-dependent configuration interaction with a complex absorbing
potential was used to model ionization by a seven cycle 800 nm cosine
squared pulse. The ionization yields were calculated as a function of the
laser polarization and plotted as three-dimensional surfaces. The general
shapes of angular dependence can be understood in terms of ionization
from the highest occupied orbitals. Variations in the shapes with laser
intensity indicate that ionization occurs not just from the highest
occupied orbitals, but also from lower-lying orbitals. These deductions
are supported by variations in the population analysis with the intensity
of the laser field and the direction of polarization.

■ INTRODUCTION

Investigating the dynamics of electrons on their natural time scale
requires short, intense laser pulses.1−3 The angular dependence of
strong-field ionization is a process that is governed by electron
dynamics on this short time scale. Early work showed that the
ionization rate for N2 and CO differed significantly when the
molecule was aligned parallel versus perpendicular to the polariza-
tion of the laser field.4,5 Subsequently, direct measurements of
the angular dependence of ionization were performed for N2, O2,
and CO2.

6,7 The molecules were aligned with a pump pulse,
and the ionization yield was measured as a function of the angle
between the polarization of the pump and probe pulses. The
angular dependence of ionization of N2 andO2 could be described
well by single active electron (SAE) approximation, but CO2 was
somewhat problematic.8 High harmonic generation (HHG) data
also yield information about the angular dependence of the
ionization rate. Because the amplitudes of the harmonics in HHG
spectra depend on the angle of the molecule relative to the laser
field, orbital tomography can be used to reconstruct the shape of
the highest occupied molecular orbital (HOMO).9 At higher
intensities, HHG spectra also have contributions from lower-
lying orbitals.10−15 These features appear to be the result of direct
ionization from lower-lying orbitals rather than excitation of the
ion after ionization of theHOMO.Angle-dependent and channel-
dependent ionization has also been measured in butadiene and
some larger polyatomics.16−18 Among the hydrides, only H2O has
received a significant amount of attention concerning the angular
dependence of ionization.19−28

For simple molecules, a qualitative description of the angular
dependence of ionization can be obtained from Dyson orbitals,
which are computed from the overlap between the neutral
and the ionic wave functions, Φi

D = ∫Ψ*neutral Ψi
cation dτ2···dτn.

A better description of ionization in the tunneling regime can
often be obtained from ADK theory.29,30 For more quantitative
descriptions of HHG and the angular dependence of ionization,
the time-dependent Schrödinger equation (TDSE) can be solved
with approaches such as SAE-TDSE, quantitative rescattering
theory, time-dependent resolution-in-ionic-states, time-dependent
analytical R-matrix, and time-dependent generalized active
space configuration interaction.8,31−34 In a previous study, we
examined the angle dependence of strong-field ionization for
N2, O2, CO2, and CH2O using a time-dependent configuration
interaction (TDCI) approach using atom-centered basis
functions.35 Response properties are described well with the
TDCI approach.28,36−39 Ionization can be simulated if a complex
absorbing potential (CAP) is included to absorb the fraction
of the electron density that is distorted toward ionization by the
laser field.35,40,41 This approach can treat not only ionization in
the tunneling regime but also strong-field ionization by barrier
suppression. We compared the TDCI-CAP approach to accurate
grid-based calculations and found good agreement for the ioniza-
tion of H atom as a function of field strength, and the change in
the rate of ionization of H2

+ as a function of bond length.40 The
methodology has been used to study the ionization of ethylene,
butadiene, and hexatriene as a function of field strength.41 By
calculating the ionization yield as a function of the direction of
polarization of the laser pulse, we obtained three-dimensional
surfaces, which correspond to the angle-dependent ionization
probabilities. Analysis of the three-dimensional shapes for N2, O2,
CO2, andCH2O showed that ionization occurred not just from the
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HOMO but also from lower-lying orbitals.35 The Dyson orbitals for
the ground state and excited states of the cations provided a satisfac-
tory interpretation of the angle-dependent ionization probabilities.
In the present work, we used the TDCIS-CAP approach to

examine the angle-dependent strong-field ionization of a set of
second and third period hydrides: BH3, CH4, NH3, H2O, and HF;
AlH3, SiH4, PH3, H2S, and HCl. These cover a range of shapes and
symmetries (linear to Td) and ionization potentials (10 to 16 eV).
The simulations demonstrate that in addition to the HOMO,
lower-lying orbitals also contribute to the ionization yield,
particularly at higher intensities. Details of the ionization process
can be obtained by looking at contributions to the ionization from
individual half cycles of the laser pulse and by analyzing the portion
of the wave function absorbed by the CAP. Since the results for the
third period hydrides are similar to the second period hydrides,
they are not discussed separately. The data for AlH3, SiH4, PH3,
H2S, and HCl are collected in the Supporting Information.

■ METHODS
The electron dynamics were simulated by solving the time-
dependent Schrödinger equation

μ∂
∂

Ψ = ̂ − ⎯→̂· ⃗ − ̂ Ψi
t

t H E t iV t( ) [ ( ) ] ( )el el
absorb

el (1)

where Ĥel is the field-free electronic Hamiltonian. The electron-
light interaction is treated in the semiclassical dipole approx-
imation, where μ⎯→̂ is the dipole operator and E⃗ is electric field
component of the laser pulse. As described in our earlier
papers,35,40,41 the absorbing potential used to model ionization,
−i ̂V absorb is constructed from a set of overlapping spherical
potentials around each atom. A similar form for the complex
absorbing potential has recently been used for calculating π*
resonant states.42 Each spherical potential has a quadratic rise
starting at a radius R and a quadratic turnover to constant value of
10 hartree at approximately R + 7 Å. At any given point, the total
absorbing potential is equal to the minimum of the values from
the atomic absorbing potentials. To model ionization, we chose

the rise in the CAP to begin at a distance of 3.5 times the van der
Waals radius of each element (RH = 5.051 Å, RB = 7.145 Å, RC =
6.739 Å, RN = 6.405 Å, RO = 6.125 Å, RF = 5.887 Å). Because the
hydrides are very small molecules, the CAP is nearly spherical
and centered on the heavy atom (see Figure 6 for the CAP for
H2O). For the intensities used in Figures 1−8, this choice of radii
places the start of the CAP∼2−4 Å beyond the Coulomb barrier,
which is suitable for modeling over the barrier ionization. These
radii are a compromise between minimal absorption of the norm
in the field-free case and the number of diffuse basis functions
needed for interactionwith theCAP. The norm in the field-free case
is 0.9990 for BH3, 0.9993 for CH4, 0.9988 for NH3, 0.9973 forH2O,
and 0.9985 for HF after an interval of 18.7 fs. Better conservation of
the norm for the field-free case and improved representation of the
tunneling regime can be achieved by increasing the radii for the
CAP but at the cost of adding more diffuse functions.
The time-dependent wave function is expanded in the basis of

the Hartree−Fock ground state and all singly excited states of the
field-free, time-independent Hamiltonian.

∑Ψ = |Ψ⟩
=

t C t( ) ( )
i

i i
0 (2)

The time-dependent coefficients are propagated using a Trotter
factorization of the exponential of the Hamiltonian:

Ψ + Δ = − ̂ Δ Ψ

= − ̂ Δ − ̂ Δ

× + Δ Δ

× − ̂ Δ − ̂ Δ Ψ

t t i t t

i t t

iE t t t

t i t t

H

H V W

d

W V H

( ) exp( ) ( )

exp( /2)exp( /2)

exp( ( /2) /2)

exp( /2) exp( /2) ( )

T
el

absorb

absorb
el (3)

where WDWT = d are the eigenvalues and eigenvectors of the
transition dipole matrix D in the direction of the polarization of
the laser field. W, d, exp(−iĤelΔt), and exp(V̂absorbΔt/2) need
to be calculated only once because they are time-independent.
The propagation involves a pair of matrix-vector product and the
exponential of the diagonal matrix, d. A time step of Δt = 1.2 as

Figure 1. Angular dependence of the ionization yield for HF for a 800 nm seven cycle cosine squared pulse with intensities of (a) 3.51 × 1014 W cm−2,
(b) 5.05 × 1014 W cm−2, and (c) 6.87 × 1014 W cm−2, (d, e) the doubly degenerate pπ HOMO and (f) the pσ HOMO−1 orbital.
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(0.05 au) was used for the propagation. Earlier tests showed that
reducing the time step by a factor of 2 changed the norm at the
end of the pulse by less than 0.1%.40

The electronic structure calculations were performed with
a locally modified version of the Gaussian program package.43

The standard Dunning aug-cc-pVTZ basis44,45 was augmented
with an absorbing basis containing extra diffuse functions to ensure
sufficient interaction with the CAP. This absorbing basis consisted
of nine sets of diffuse Gaussian functions on each atom (including
hydrogens): three s functions (with exponents: 0.0256, 0.0128,
and 0.0064), two sets of p functions (0.0256, 0.0128), three sets of
pure d functions (0.0512, 0.0256, and 0.0128), and one set of pure
f functions (0.0256). For the most diffuse functions, the matrix

elements of V̂absorb are of the order of 0.1, and the largest
eigenvalues of the V̂absorb matrix are of the order of 0.5. Details of
the development and testing of the absorbing basis can be found in
ref 40. In particular, this choice of exponents and CAP radii yields
good agreement with accurate grid-based calculations for the
ionization of H atom as a function of field strength and the change
in the rate of ionization of H2

+ as a function of bond length.40

The simulations used a seven cycle, linearly polarized cosine
squared pulse

π σ ω ϕ σ σ= + − ≤ ≤

=

E t E t t t

E t

( ) cos ( /2 )cos( ) for

( ) 0 otherwise
max

2

(4)

Figure 3. Angular dependence of the ionization yield for CH4 for a 800 nm seven cycle cosine squared pulse with intensities of (a) 1.26 × 1014 W cm−2,
(b) 2.25 × 1014 W cm−2, and (c) 3.51 × 1014 W cm−2, (d−f) the triply degenerate HOMO.

Figure 2. Angular dependence of the ionization yield for BH3 for a 800 nm seven cycle cosine squared pulse with intensities of (a) 1.26 × 1014 W cm−2,
(b) 2.25 × 1014 W cm−2, (c) 3.51 × 1014 W cm−2, (d, e) the doubly degenerate HOMO, and (f) HOMO−1.
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with a wavelength of 800 nm (9.35 fs fwhm) and ϕ = π (the
shape of the pulse can be seen in Figure 7a). The system
was propagated for 24.2 fs (1000 au) with intensities from
0.56 × 1014 to 7.90 × 1014 W cm−2 (electric field strengths
from 0.04 to 0.15 au). Since the HOMO, HOMO−1, and
HOMO−2 orbital energies for BH3, CH4, NH3, H2O, and HF
are in the range from −0.43 to −0.77 hartree, ionization with
these intensities occurs primarily by barrier suppression rather
than by tunneling. The loss of norm was calculated after the
pulse (18.7 fs) when the field has returned to zero and is taken
as the ionization yield for the pulse. By varying the polariza-
tion direction of the pulse with a given Emax, we obtain a

three-dimensional surface, which we interpret as an angle-
dependent ionization probability. For each molecule, three
values of Emax were chosen to cover a range of ionization yields.
Up to 114 points were calculated for each Emax, and three-
dimensional plots were generated using the ionization yield as
the radial distance and the direction of the polarization as the
angles. For the lower Emax in each set, the radial distances
were scaled so that the shape of the surface would not be
obscured by the molecular structure. To obtain smooth surfaces,
the ionization yields as a function of the angles were fitted to
polynomials in cos(θ)n cos(mφ) and cos(θ)n sin(mφ), n = 0−9,
m = 0−4.

Figure 5. Angular dependence of the ionization yield for NH3 for (a) the first half of the optical cycle in the middle of the seven cycle pulse, (b) the
second half of optical cycle, and (c) the full optical cycle with an intensity of 1.26 × 1014 W cm−2 (see Figure 7a for a plot of the laser pulse).

Figure 4. Angular dependence of the ionization yield for NH3 for a 800 nm seven cycle cosine squared pulse with intensities of (a) 1.26 × 1014 W cm−2,
(b) 2.25 × 1014 W cm−2, (c) 3.51 × 1014 W cm−2, (d) the HOMO, (e, f) the double degenerate HOMO−1.
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■ RESULTS AND DISCUSSION
The angular dependence of the ionization yield for hydrogen
fluoride is shown in Figure 1. The HOMO consists of a doubly

degenerate pair of pπ orbitals; the Dyson orbital is nearly identical
to the HOMO. HF has the highest ionization potential of the
hydrides and therefore needs the highest intensity pulse to
achieve a suitable rate of ionization. As expected from the doubly
degenerate HOMO, the angular dependence of the ionization
yield is cylindrically symmetrical about the molecular axis. At
lower intensities, there is a minimum along the molecular axis,
but at higher intensities, one can see increasing contributions
from the pσ HOMO−1. Comparable results are found for HCl
(Figure S1 in the Supporting Information).
Figure 2 shows the results for BH3. Ionization is mainly in the

plane of the molecule, with very little ionization along axis
perpendicular to the molecular plane. The HOMO is the doubly
degenerate combination of the B−H bond orbitals; the Dyson
orbital looks the same as HOMO. The superposition of the
electron density from the degenerate HOMOs is highest in the
plane of the molecule and has a shape similar to the angular
dependence of the ionization. With increasing intensity the
shape evolves from hexagonal to nearly circular. For methane
(Figure 3), there is relatively little angular variation in the ioniza-
tion yield at low intensities. At higher intensities, the ionization
yield has features with Oh symmetry. The triply degenerate
HOMO is a combination of the C−H bond orbitals. The super-
position of the densities of three degenerate orbitals gives
a probability distribution with Td symmetry (however, see the
discussion below). The results for AlH3 and SiH4 are similar to
those for BH3 and CH4, respectively (Figure S1).
The strong-field ionization of ammonia is dominated by

removal of an electron from the HOMO, an sp3 lone pair orbital.
Figure 4 shows that the angular dependence of ionization yield
for NH3 looks more like a p-orbital (the same is found for PH3,
Figure S1). The more symmetrical shape is a direct consequence
of the linearly polarized laser field oscillating between positive
and negative values. This can be illustrated by calculating the
ionization yield for a series of half cycles, as shown in Figure 5.
For a continuous (CW) laser field, the same electric field can be

Figure 7. (a) Shape of the pulse (highlighted in red and blue are the half
cycles in the middle of the pulse), and (b) loss of norm for H2O with
polarization of the pulse in the x (green) and z (red) directions
(perpendicular to the plane and along the C2 axis, respectively) for a
800 nm seven cycle cosine squared pulse with an intensity of 2.25 ×
1014W cm−2. In (b) the drop in norm during the first half cycle is highlighted
by the red brackets, and during the second half cycle by the blue brackets.

Figure 6. Angular dependence of the ionization yield for H2O for a 800 nm seven cycle cosine squared pulse with intensities of (a) 2.25 × 1014 W cm−2

and (b) 3.51 × 1014 W cm−2, (c) 5.05 × 1014 W cm−2, and (d) HOMO, (e) HOMO−1, (f) HOMO−2, and (g) CAP for H2O constructed from spheres
with radii RO and RH.
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obtained by advancing half a cycle and inverting the polarization
direction (i.e., rotating the polarization by 180°). Hence, after
advancing half a cycle the angular dependence of the ionization
yield on the laser polarization direction is also inverted (slightly
diminished because of the finite amount of ionization during
each half cycle). For a cosine squared pulse with ϕ = π, this
also holds for the two half cycles in the middle of the pulse (see
Figure 7a). The result from the first half of the optical cycle taken
from the middle of the seven cycle pulse is shown in Figure 5a.
The angular dependence of the ionization yield looks similar to
an sp3 lone pair. In the next half cycle, Figure 5b, the field has
changed sign, but the same field can be obtained by inverting
the polarization (rotating the polarization by 180°). Hence the
angular dependence of the ionization yield is inverted and looks
like the sp3 lone pair inverted through the origin. When the full
cycle is considered, Figure 5a,b, the sumof the two half cycles looks
like a pπ orbital. Thus, the angular dependence of the ionization
yield for polyatomics should not be compared to the HOMO or
the corresponding Dyson orbital but should be compared to the
density from the HOMO or Dyson orbital plus this density
inverted through the origin. The approximate inversion symmetry
of the angular dependence of the ionization yield has been
discussed previously.23 For BH3, applying inversion symmetry to
the electron density of the doubly degenerate HOMO (D3h)
results inD6h symmetry, whichmatches the shape of the ionization
yield, Figure 2a. Likewise for CH4, summing the densities from the
triply degenerate HOMOs yields Td symmetry; applying inversion
symmetry produces a distribution that has Oh symmetry and
resembles the ionization yield at high intensities, Figure 3c.
For water, the angular dependence of ionization yield is

dominated by the pπ lone pair HOMO, as shown in Figure 6 (the
similar shapes are seen for H2S, Figure S1). Closer inspection
of the ionization yield in the plane of the molecule shows that
there is also some contribution from the in-plane sp2 lone pair,
HOMO−1. This contribution increases as the intensity is
increased. The shape of the laser pulse and evolution of the
wave function norm are illustrated in Figure 7 for polarization in
the x and z directions. For polarization perpendicular to the plane
(x direction), the norm decreases by the same amount during the

first half cycle and the second half cycle in the middle of the pulse
(left-hand red and blue brackets, respectively, in Figure 7b).
However, for polarization along the C2 axis (+z direction), the
loss of norm is larger in the first half cycle than in the second
half cycle (right-hand red and blue brackets, respectively, in
Figure 7b), reflecting the fact that the sp2 lone pair is larger in one
direction along the axis than in the opposite direction. More
detail can be seen by using only the first half cycle of a pulse to
obtain the angular dependence of the ionization yield, Figure 8.
For the polarization in the plane of the molecule (highlighted in
Figure 8), the loss of norm of the wave function clearly shows the
larger and smaller lobes of the sp2 lone pair. If the second half
of the optical cycle is used, the curve is inverted. The sum of the
two curves reproduces the shape of the ionization yield seen in
the plane of the molecule, as shown in Figure 6a.
Although strong-field ionization is dominated by loss of an

electron from the HOMO, there is abundant experimental and
computational evidence for direct ionization from lower-lying
orbitals.10−15 For the TDCI-CAP approach, the nature of the
ions produced can be probed by analyzing the portion of the
wave function that is absorbed by the CAP. At any given point in
time during the simulation, the change in the wave function when
multiplied by CAP is characteristic of the ion produced at that
instant, and the change in norm is related to the instantaneous
ionization rate.

Ψ̃ ≈ Ψ − − ̂ Δ Ψ

Ψ = Ψ̃ |Ψ̃ |

∝ |Ψ̃ | Δ

t t V t t

t t t

t t t

( ) ( ) exp( ) ( )

( ) ( ) / ( )

rate( ) ( ) /

ion

ion neutral
absorb

neutral

ion ion

ion (5)

This difference in the wave function, Ψ(t)ion, can be analyzed in
terms of its one electron density matrix and instantaneous
molecular orbital populations, pi(t). Integration over the pulse
gives an average over the populations of the ions produced.

∫ ∫
Ψ ⇒

=

t p t

p t p t t t t

( ) ( )

rate( ) ( )d / rate( )d

i

i i

ion

(6)

Figure 8. Angular dependence of the ionization yield for H2O (a) the first half of the optical cycle in the middle of the seven cycle pulse (red mesh lines),
and (b) the second half of optical cycle (blue mesh lines) for a 800 nm seven cycle cosine squared pulse with an intensity of 2.25 × 1014 W cm−2.
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For low field strengths, the loss of norm of the neutral wave
function is very small, and the results are skewed by the field-
free absorption of the wave function by the CAP. Meaningful
populations are obtained if the norm of the neutral wave function
after the pulse is ∼0.98 or less.
The orbital populations of the ions and the norm of the neutral

wave function for the second period hydrides are plotted as a
function of field strength in Figure 9 for selected orientations of
the laser polarization. The corresponding results for the third
period hydrides can be found in Figure S2. The results for HF are
perhaps the easiest to understand. Because of the high ionization
potential of HF, high field strengths are necessary to see a signifi-
cant decrease in norm of the neutral wave function. For laser

polarizations in the x and y directions (Figure 9e, perpendicular
to the molecular axis), the population of the pπ HOMO is
depleted (orbital energy −0.652 hartree), as expected. When
the polarization is along the molecular axis (z direction), the pσ
HOMO−1 (orbital energy −0.776 hartree) is the major con-
tributor. This agrees with the deductions based on the shapes of
the angular dependence of the ionization shown in Figure 1.
Ionization of BH3 is dominated by removal of electrons from

the HOMO (Figure 9a). To achieve a suitable amount of ioniza-
tion (i.e., drop in norm of the neutral wave function), a larger
field strength is need when the polarization is perpendicular to
the molecular plane (z direction) than when it is in the plane of
the molecule (x and y directions). The two degenerate orbitals of

Figure 9.Orbital populations resulting from ionization by a 800 nm seven cycle cosine squared pulse with polarization along the x, y, and z directions.
The populations (left-hand axis) of theHOMO (red), HOMO−1 (green), HOMO−2 (blue), andHOMO−3 (purple) are shown for (a) BH3, (b) CH4,
(c) NH3, (d) H2O, and (e) HF as a function of field strength. Also shown are the corresponding decreases in the norms of the neutral wave function as a
function of the field strengths (dashed black lines, right-hand axis).

The Journal of Physical Chemistry A Article

DOI: 10.1021/acs.jpca.5b06481
J. Phys. Chem. A 2015, 119, 10212−10220

10218

http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5b06481/suppl_file/jp5b06481_si_001.pdf
http://dx.doi.org/10.1021/acs.jpca.5b06481


the HOMO (orbital energy −0.499 hartree) contribute equally
for polarization in the z direction, but this degeneracy is lifted
when the polarization is in the x and y directions. At higher field
strengths, the contribution from HOMO−1 increases (orbital
energy −0.705 hartree). The analysis of the populations is in
agreement with the qualitative analysis of the angular depend-
ence of the ionization shown in Figure 2.
For ionization of CH4, polarization in the x, y, and z direc-

tions removes an electron from different orbitals in the triply
degenerate t2 HOMO (orbital energy −0.546 hartree) shown in
Figure 9b. For higher field strengths there is a slight increase in
the contributions from the other t2 HOMO orbitals and the a1
HOMO−1 (this is more pronounced for SiH4). For NH3 and
PH3 in Figures 9c and S2, the lone pair HOMOs (orbital energies
−0.426 and−0.382 hartree, respectively) are the only contributors
for polarization along the molecular axis (z direction) at all field
strengths considered. However, for polarization perpendicular
to the axis (x and y directions), contributions from HOMO−1
of NH3 and PH3 (orbital energy −0.637 and −0.528 hartree,
respectively) are seen to increase with increasing field strength.
Because of their lower symmetry, the orbital populations of H2O

and H2S show more diverse behavior when the polarization of the
ionizing pulse is in the x, y, and z directions (Figures 9d and S2). As
expected, when the field is in the x direction ionization is dominated
by removal of an electron from the pπ HOMO (orbital energies
−0.511 and −0.385 hartree for H2O and H2S, respectively).
Likewise, the sp2 lone pair HOMO−1 (orbital energies −0.585
and −0.499 hartree, respectively) dominates when the field is in
the z direction, but a higher field strength is needed to achieve a
comparable amount of ionization (i.e., drop in norm of the neutral
wave function). Aligning the laser polarization with the y direction
gives amixture of ionization from the three highest occupied orbitals.
In terms of the angular dependence of ionization of polyatomic

hydrides, H2O has received the most attention.19−28 Weak field
asymptotic theory has been used to study the angle dependence
of tunneling ionization by a static field.19 Molecular ADK
theory30 was employed to calculate the orientation dependence
of tunneling ionization for a series of polyatomic molecules,
including H2O.

20 Molecular strong-field approximation46,47 has
been used to examine the ionization of H2O fixed in space.21

While the HOMO dominates at most angles, HOMO−1 is
the major contributor when the laser polarization is along the
symmetry axis. Son and Chu22 have studied the orientation-
dependent ionization of water using a grid-based time-dependent
density functional theory with proper long-range behavior.
While the HOMO dominates for orientations out of the plane
of the molecule, HOMO−1 determines the shape for laser
polarizations in the plane of the molecule. Small contributions
are also seen from HOMO−2. The present calculations are
in good agreement with these findings. Petretti et al.23 have
examined the ionization of water by solving the time-dependent
Schrödinger equation in the single active electron approximation.
They also found that the HOMO dominated the overall shape
of the ionization, but HOMO−1 determined the shape of the
ionization yield within the molecular plane. For short pulses,
they found that the angular dependence of the ionization
was affected by the carrier envelope phase. In the present
calculations, we also find a pronounced phase dependence by
using a half cycle pulse to scan the angular dependence of
ionization (Figures 5, 7, and 8). Ionization of water by half cycle
pulses was also studied by Borbely et al.24

Experimental studies of high harmonic generation (HHG) for
water found harmonics beyond the expected cutoff.25 This was

attributed to suppression of ionization because of the nodal plane
in the HOMO. The comparison of HHG spectra of H2O and
D2O provides evidence of ionization from HOMO−1.26 While
ionization from the HOMO results in almost no change in the
geometry, ionization fromHOMO−1 produces a large change in
the angle leading to the isotope effect seen in the experimental
HHG spectra.26,27 Calculations with time-dependent configura-
tion interaction with single and double excitations showed that
HHG spectrum for H2O also contained even harmonics when
the field was applied along the molecular symmetry axis.28

■ CONCLUSIONS
The angular dependence of strong-field ionization for a set of
second period hydrides (BH3, CH4, NH3, H2O, and HF) and
third period hydrides (AlH3, SiH4, PH3, H2S, and HCl) has been
simulated using time-dependent configuration interaction with a
complex absorbing potential (TDCIS-CAP). Themolecules were
subject to seven cycle 800 nm cosine squared pulse laser pulse,
and the drop in norm of the wave function of the neutral was used
as a measure of the ionization yield. At low intensities, the angular
dependence is dominated by the shape of the electron density of
highest occupied orbital plus this density inverted through the
origin. With increasing intensity, changes in the shape of the
ionization yield indicate contributions from lower-lying orbitals.
This is most easily seen when the laser polarization is in the nodal
plane of the HOMO. Population analysis of the component of
the wave function absorbed by the complex absorbing potential
reveals the dependence of ionization from theHOMO and lower-
lying orbitals on the laser intensity and polarization direction.
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